Abstract Aims/hypothesis: The aim of this study was to investigate whether the use of antimicrobials is associated with the risk of childhood type 1 diabetes. Materials and methods: The study population included all children born in Finland between 1996 and 2000 who were diagnosed with type 1 diabetes by the end of 2002. For each case (n=437), four matched controls were selected. Data on diabetes and the maternal use of antimicrobials was derived from nationwide registries. Results: Maternal use of phenoxymethyl penicillins (odds ratio [OR]=1.70, 95% CI 1.08-2.68, p=0.022) or quinolone antimicrobials (OR=2.43, 95% CI 1.16-5.10, p=0.019) before pregnancy was associated with an increased risk of type 1 diabetes in the child, whereas the use of other specific antimicrobials was not related to the risk. The risk was also higher among mother-child pairs where macrolides were used both by the mother before pregnancy and by the child, compared with pairs where neither used macrolides (OR=1.76, 95% CI 1.05-2.94, p=0.032). Maternal use of antimicrobials during pregnancy was not associated with an increased risk. The high use of antimicrobials by the child (more than seven vs seven or less purchases) was related to greater risk (OR=1.66, 95% CI 1.24-2.24, p=0.001). Conclusions/ interpretation: Overall, the use of antimicrobials before pregnancy, during pregnancy or during childhood was not related to the risk of childhood type 1 diabetes. However, the use of some specific antimicrobials by the mother before pregnancy and by the child may be associated with an increased risk. Further studies are needed to confirm these associations and to elucidate the underlying mechanisms of action.
Introduction
Type 1 diabetes is considered to be a chronic immunemediated disease that is characterised by the destruction of insulin-producing beta cells of the pancreas. Low concordance rates among monozygotic twins, the results of migrant studies, a large international variation in incidence, and increasing worldwide incidence rates suggest that environmental factors play a critical role in the development of this disease [1] . The relatively young age at onset and the long preclinical phase of type 1 diabetes suggest that these environmental risk factors may play a role in the foetal or perinatal period of life, when the immune system is maturing [1] . Exposure to microbes and the immunological consequences of infection may be involved in the pathogenesis of type 1 diabetes. Within this context, the treatment of infections by using antimicrobials could also play a role as either an indicator of exposure to microbes; via effects on intestinal flora (e.g. disturbing the maturation of the immune system); or via direct toxic effects on beta cells. We investigated whether the use of antimicrobials by the mother or by the child was associated with the risk of type 1 diabetes in Finnish children born between 1996 and 2000.
Subjects and methods
Subjects and data collection This study is based on registers confirmed to have high validity and coverage [2] . The study population was derived from a birth cohort consisting of all births in Finland between 1996 and 2000. Of these, 450 children were diagnosed with type 1 diabetes by the end of 2002. Cases were identified from the national register based on special reimbursement for drug costs. Patients with a certificate from a physician stating that the diagnostic criteria of type 1 diabetes are fulfilled are entitled to reimbursement of the drug costs. Thirteen children who had not purchased any insulin (who were probably mistakenly diagnosed with diabetes) were excluded. For each case, four non-diabetic controls who were matched to the case in terms of age (±28 days), sex and hospital district were randomly selected from the population register.
Information on antimicrobial use was obtained from a nationwide drug prescription register. All antimicrobials purchased by a mother during the year preceding pregnancy and during the pregnancy, and for the child from birth until the time the case was diagnosed with type 1 diabetes, were included. The data were completed by Fig. 1 Box plots of crude (grey) and adjusted (black) odds ratios with 95% CIs for childhood type 1 diabetes by maternal use of antimicrobials for 1 year preceding pregnancy. Adjustment for maternal smoking, maternal type 1 diabetes, gestational age and mode of delivery linkage with the Finnish Medical Birth Register; no data were available for ten subjects. The linkages were based on the unique personal identification numbers of the mothers and children. The study was approved by the National Data Protection Ombudsman, the institutions keeping the registers, and the Institutional Review Board of the National Public Health Institute.
Statistical analysis To examine case-control differences in background characteristics the Cuzick non-parametric test for trend across ordered groups (categories of maternal socio-economic status, parity, and age and quartiles of ponderal index and gestational age), the χ 2 test (maternal smoking), Fisher's exact test (maternal type 1 diabetes) and ANOVA (continuous variables) were used. The conventional contingency table χ 2 test was used to examine casecontrol differences in the prevalence of antimicrobial use, to evaluate whether the prevalence of antimicrobial use was associated with background characteristics and whether maternal antimicrobial use was associated with that of the child. The associations between use of antimicrobials and the risk of type 1 diabetes were analysed using conditional logistic regression with and without an adjustment for the background variables with case-control differences (p<0.1), i.e. maternal smoking, maternal type 1 diabetes, gestational age and mode of delivery. Two-sided p values less than 0.05 were considered significant.
Results
The present study included 437 cases (218 boys and 219 girls, mean age at diagnosis 2.7 years, range 47 days to 5.7 years) with type 1 diabetes and 1,748 control children. The prevalence of antimicrobial use was the same in cases and controls in mothers before pregnancy (33 vs 34%, respectively), in mothers during pregnancy (24 vs 25%, respectively) and in children (76 vs 78%, respectively). The prevalence of maternal antimicrobial use was higher among smokers than non-smokers (p=0.001) and increased according to number of previous births (p<0.0001). Antimicrobials were more often used by children who had older siblings (p<0.0001) and by children of smoking mothers (p=0.041).
The total numbers of antimicrobial prescriptions for the mothers before and during pregnancy and for the children were 1,172, 766 and 8,253, respectively. Antimicrobial prescriptions for the children were distributed evenly over Fig. 2 Box plots of crude (grey) and adjusted (black) odds ratios with 95% CIs for childhood type 1 diabetes by children's use of antimicrobials before the diagnosis of diabetes. Adjustment for maternal smoking, maternal type 1 diabetes, gestational age and mode of delivery the time preceding the diagnosis of type 1 diabetes. The maternal use of antimicrobials overall, as well as the use of cephalosporins, macrolides and penicillins with extended spectrum either before or during pregnancy, was associated with the child's use of the respective antimicrobials.
Maternal use of phenoxymethyl penicillins (odds ratio [OR]=1.70, 95% CI 1.08-2.68, p=0.022) or quinolone antimicrobials (OR=2.43, 95% CI 1.16-5.10, p=0.019) before pregnancy was associated with the risk of type 1 diabetes in the child when adjusted for the potential confounders (Fig. 1) , whereas the use of other specific antimicrobials was not related to the risk. The risk of type 1 diabetes in the child was also greater among pairs where macrolides were used both by the mother before pregnancy and by the child than in pairs where neither used macrolides (OR=1.76, 95% CI 1.05-2.94, p=0.032). Maternal use of antimicrobials during pregnancy was not associated with an increased risk. The high use of antimicrobials by the child was related to a greater risk of type 1 diabetes (OR for more than seven vs seven or less purchases 1.66, 95% CI 1.24-2.24, p=0.001; and OR for more than seven purchases vs zero purchases 1.37, 95% CI 0.94-1.99; Fig. 2 ).
Discussion
Our findings from a prospective population-based birth cohort covering the whole of Finland suggest, for the first time, that the use of antimicrobials by the mother before pregnancy and by the child may be associated with an increased risk of type 1 diabetes in the child. Because of issues of multiplicity, however, these results should be regarded as no more than borderline statistically significant. One possible explanation for a putative effect is that the use of antimicrobials serves as an indicator of infections possibly involved in pathogenesis of type 1 diabetes [1] . The use of antimicrobials, especially of those with a broad antibacterial spectrum and those that are incompletely absorbed, induces marked changes in gut flora [3] . This may not only disturb the maturation of the immune system, but may also make the gut more vulnerable to other environmental triggers. The favourable effects of the human normal microflora on the immune system are believed to be mainly associated with Bifidobacterium spp. or certain species of the lactic acid bacteria Lactobacillus spp. and Lactococcus spp. [4] , i.e. genera extremely sensitive to macrolides, quinolones and penicillins. Maternal use of antimicrobials may prevent or delay the transmission of this normal microflora from the mother to the child. Certain antimicrobials may have direct toxic effects on beta cells. Because of the structural and functional similarities between bacteria and human mitochondria, exposure to macrolides and quinolones may inhibit the mitochondrial synthesis of DNA and enzymes in beta cells, resulting in beta cell death [5] . Antimicrobials have been shown to induce apoptosis by different mechanisms in many types of cells [6] . Moreover, bafilomycin A1 (a macrolide not in medical use) induced changes in pancreatic beta cells and dysregulation of insulin secretion in mice [7] . In utero exposure to bafilomycin (12 μg/kg) accelerated the onset of immune-mediated diabetes in NOD mice [8] . Unexpectedly, the maternal use of quinolones (ciprofloxacin, levofloxacin and norfloxacin), phenoxymethyl penicillins or macrolides (azithromycin, clarithromycin and roxithromycin) before pregnancy was related to the risk of type 1 diabetes in the child. The macrolides used in our birth cohort are lipophilic and become concentrated in body fats and tissues to levels that greatly exceed those in plasma [9] . Quinolones complex with calcium, accumulate in bone [10] , and remobilise when calcium is mobilised, such as during pregnancy or lactation. Since both these antimicrobials have a high placental passage [11, 12] , mobilisation of maternal body deposits could explain the observed positive association between the use of macrolides or quinolones during the 12 months before pregnancy and the risk of type 1 diabetes in the child.
To conclude, we have shown, in a well-defined nationwide cohort, using validated sources of information on drug use and diagnosis of type 1 diabetes, that the use of antimicrobials by the mother before pregnancy and by the child may be associated with an increased risk of type 1 diabetes in the child. It cannot be determined from this study whether the use of antimicrobials is causally related to type 1 diabetes, whether the indication for antimicrobial use weakened overall immune function, or if other factors are the pertinent underlying causes. Although further studies are needed to establish the associations and possible underlying mechanisms of action, these findings reinforce the need for prudent use of antimicrobials.
